The aim of this study was to compare the estimated glomerular filtration rate (eGFR) from serum creatinine (eGFRcrea) and cystatin C (eGFRcys) in patients with elevated serum trough levels of gentamicin before the next planned dose during treatment in the intensive care unit (ICU).
Introduction
Gentamicin is a bactericidal antibiotic used in the treatment of Gram-negative infections in intensive care units (ICUs). Gentamicin causes an irreversible inhibition of protein synthesis on ribosomes. This drug belongs to the aminoglycoside group of antibiotics, which have a concentration-dependent killing effect. This means that a higher concentration of gentamicin kills a higher proportion of bacteria. Gentamicin also has a post-antibiotic effect in treating patients with Gram-negative infections. This means that bacteria are also killed when the plasma concentration of the antibiotic is below the minimum inhibitory concentration. This effect enables once-daily dosing [1] .
Gentamicin is mainly administered as a 30-to 60-min infusion because it is poorly absorbed from the gastrointestinal tract. This compound is highly polar and has a low volume of distribution. The half-life of gentamicin in plasma is 2-3 h, but the half-life can be extended up to 48 h in patients with a decreased glomerular filtration rate (GFR). Serum gentamicin concentrations and gentamicin clearance are the best parameters for gentamicin dose adjustments [2] . Knowing the GFR is therefore of great importance for dosing if rapid gentamicin level measurements are not available. According to the Kidney Disease Improving Global Outcomes (KDIGO) guidelines, the dose should be reduced if the GFR is below 60 mL/ min [3] .
The estimated glomerular filtration rate from serum creatinine (eGFRcrea) is usually used as a marker of the GFR in clinical practice, but the concentration of serum creatinine depends on muscle mass. Patients in ICUs often lose muscle mass [4] . The serum creatinine concentration of these patients might be falsely low, and the eGFRcrea may be falsely high. Critical illness is associated with significant decreases in serum creatinine that persist until hospital discharge, potentially causing an inaccurate assessment of renal function [5] .
Since 2012, the standardized measurement of cystatin C has been available in clinical practice. Cystatin C is an inhibitor of cysteine proteases. This molecule is produced by all nucleated cells of the body at a constant rate. Serum cystatin C does not depend on muscle mass [6] .
Overdosing with gentamicin can cause nephrotoxic and ototoxic side effects. These side effects are associated with an increased trough concentration. The safety limit of the trough concentration is below 1 mg/L for oncedaily dosing [7] . The therapeutic drug monitoring (TDM) of gentamicin is recommended to reduce the number of side effects [8] .
Appropriate drug dosing is very important for patient safety. Muscle mass reduction in patients in ICUs is significant. Therefore, we analyzed the differences between the eGFRcrea and eGFRcys in patients overdosed with gentamicin and in controls to find the best estimation of the GFR for gentamicin dosing when rapid gentamicin level measurements are not available.
Materials and methods

Subjects
This was a retrospective observational study. The study lasted from September 2015 to September 2018. Patients who had stayed in an ICU with once-daily gentamicin dosing and who had all the results of serum gentamicin trough levels, eGFRcrea and eGFRcys analyses were included in the study. Dobutamine treatment was the exclusion criterion. Overdosed patients were defined by serum gentamicin trough levels above 1 mg/L before the next dose.
Patients who received 240 mg of gentamicin once daily and had serum gentamicin through levels below 0.5 mg/L (below the limit of quantification of the laboratory method with a coefficient of variation of ≤20%) were regarded as not overdosed. From the non-overdosed patients, the oldest patients were selected to form the control group, which had the same number of members as the overdosed group. Nevertheless, the median age of the overdosed patients was higher than that of the control group.
The TDM approach
The once-daily approach for gentamicin (aminoglycoside) dosing was used at our hospital. When the trough concentration was above 1.0 mg/L, we usually prolonged the dosing interval.
For all TDM requests, we routinely used an electronic request form that includes the drug concentration, first day of administration, time of the last dose, dosing interval, dose, route of administration and duration of infusion.
The laboratory report contained the drug concentration and an interpretative comment that recommended the quantity of the next dose or the extension of the dosing interval. This interpretative comment was made by a specialized clinical pharmacologist or a pharmacist.
Laboratory tests and estimations of the GFR
Gentamicin concentrations were measured by the particle-enhanced turbidimetric immunoassay (PETIA) method. Creatinine was measured by the sarcosine oxidase-based enzymatic standardized method traceable to the certified reference material NIST SRM 967 [9] . Cystatin C was measured by the PETIA method traceable to the certified reference material DA ERM 471 [10] . The estimations of GFRs were calculated according to the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equations, which were reported in 2009 for serum creatinine and in 2012 for serum cystatin [11] . All tests were performed on an Abbott Architect analyzer ci 16200 (Abbott Laboratories, Abbott Park, IL, USA).
All tests were available 168 h a week, and the ordering physicians knew the results immediately. Each result that provided a drug concentration was accompanied by an interpretative comment.
Statistical analysis
The MedCalc statistical software version 17.4 (MedCalc Software bvba, Ostend, Belgium) was used for statistical analysis. Results with a p-value <0.05 were considered statistically significant.
The D'Agostino-Pearson test was used for assessment of the normality of eGFR results. The eGFR results did not have a normal distribution. Thus, nonparametric tests were used for analysis. The Mann-Whitney test for independent samples and the Wilcoxon test for paired samples were used for the comparison of medians. Spearman's rank correlation coefficient was used for correlation analysis. Bland-Altman plots were used for the comparison of pairs of eGFRs.
Ethical approval
This study was approved by the Ethics Committee of The Tomas Bata Hospital in Zlin, Czech Republic. This study was conducted in accordance with the Declaration of Helsinki. Informed consent was obtained from all individuals included in this study. Informed consent for the publication of anonymous patient data is part of the hospital stay consent. Patients can select yes or no.
Results
The serum gentamicin concentration was measured in 1010 patients. Cystatin C was ordered in 321 selected patients from the ICU for whom overdosing could occur. A total of 45 patients were overdosed, and the control group also had 45 patients. The overdosed group consisted of 23 males and 22 females.
The diagnoses of the overdosed patients varied. Of these patients, 25 suffered from type 2 diabetes mellitus. A total of 24 patients underwent surgery. There were polytraumatic patients and patients with pneumonia and sepsis. A total of 11 patients (24%) among the overdosed patients died of sepsis. Of these patients, seven had type 2 diabetes mellitus.
The median age (range) of all patients with measured gentamicin concentrations was lower than that of overdosed patients (67 vs. 75 [48-99] years, respectively; p < 0.0001).
The median age (range) of controls was 70 (58-82) years. The pharmacokinetic parameters of the overdosed patients are displayed in Table 1 . The median interquartile range (IQR) of the eGFRcrea and eGFRcys in overdosed patients and controls are shown in Table 2 .
The Spearman rank correlation coefficient between the eGFRcrea and eGFRcys in overdosed patients was 0.762 (p < 0.0001). The Spearman rank correlation coefficient between the serum trough gentamicin concentrations and doses in overdosed patients was −0.152 (p = 0.319). The Spearman rank correlation coefficient between the serum trough gentamicin concentrations and the number of previous doses in overdosed patients was −0.281 (p = 0.062). The differences between pairs of eGFRs in overdosed patients are displayed in the Bland-Altman plot (Figure 1 ).
Discussion
In this study, we compared the eGFRcrea and eGFRcys in patients with increased predose levels of serum gentamicin and in controls.
Lipcsey et al. reported significant differences between the creatinine and cystatin C GFR estimations in the ICU. The eGFRcrea was higher than the eGFRcys [12] . This finding supports our results, which showed that the median eGFRcrea was higher than the median of eGFRcys in overdosed patients and in controls in the ICU.
Iversen et al. reported significant discrepancies in the eGFR and CKD classification when switching between the CKD-EPI eGFR equations in acutely hospitalized elderly patients. Switching from a creatinine-based equation to a corresponding cystatin C-based equation resulted in lower GFR estimates, and these differences were larger in these patients than in community-dwelling older populations [13] . This observation is in accordance with our results. The dose of gentamicin should be adjusted according to the gentamicin concentration. A reliable method for determining the GFR is needed in clinical practice if gentamicin concentration measurements are not available. Knowledge regarding the GFR is needed for initial dosing until gentamicin concentration measurements are available.
It is not easy to obtain the true GFR in clinical practice in the ICU. The reference (gold standard) method for determining the GFR is inulin clearance. This method is not available in routine clinical practice because it is difficult to perform and is time-consuming [14] .
The clearance of creatinine was used as an indicator of the GFR for many years, but this test overestimates the true GFR [15] . The KDIGO guidelines recommend using the eGFRcys when the eGFRcrea may be inaccurate [16] . Muscle wasting is common in ICU patients.
A low GFR is also associated with a decrease in muscle mass. This decrease in muscle mass results in an overestimation of the eGFRcrea compared to the eGFRcys in patients with CKD and a low GFR [17] . In our ICU patients, the eGFRcys was lower than the eGFRcrea over the whole eGFR range. These results may also be explained by muscle wasting.
A case study by Rebollo and Cepeda-Piorno clearly described the use of cystatin C in a patient treated with another aminoglycoside antibiotic, amikacin. Serum aminoglycoside antibiotic concentrations also reflect the GFR but are less dependent on muscle mass [18] . This observation is consistent with our results.
Šálek and Adamíková reported a higher eGFRcrea than eGFRcys in elderly type 2 diabetic patients. This difference increased with increasing age [19] . The cohort of gentamicin-overdosed patients in the ICU also included elderly patients.
Having serum creatinine, cystatin C and gentamicin measurements available 168 h a week may also improve patient safety. The implementation of routine eGFRcys measurements in ICU patients receiving gentamicin may reduce overdosing, especially when rapid gentamicin level measurements are not available.
Cystatin C is also not an ideal marker for GFR. Stevens et al. reported that factors other than glomerular filtration affect serum cystatin C concentrations. These factors include C-reactive protein, diabetes, body mass index, etc. [20] . This means that cystatin C may be falsely elevated in ICU patients with acute phase reactions. The extent of this elevation is impossible to predict.
A study by Chin et al. recommended the combined CKD-EPI equation for the estimation of gentamicin clearance, which calculates the eGFR from both serum creatinine and cystatin C [21] . The combined equation, which includes both creatinine and cystatin C, may be the best solution because it may limit the disadvantages of either creatinine or cystatin C. All possible interfering conditions for both creatinine and cystatin C measurements should be considered in a particular patient before gentamicin dose adjustment. We also routinely calculate the combined CKD-EPI equation. The purpose of this study was to show the differences between the eGFRcrea and eGFRcys. All data can be found in the Supplementary Material. The major limitation of our study was that we did not measure the GFR with a reference method. This means that we do not know the true GFR, but this situation reflects real clinical practice with the high probability of muscle wasting in the acute care setting, which compromises the usefulness of the eGFRcrea.
The CKD-EPI equations were developed for hemodynamically stable patients. GFR estimations in the acute care setting have not been established.
Patients in the control group were younger than patients in the overdosed group.
The last limitation was the relatively small number of patients, but it is not easy to find patients with increased trough levels of gentamicin.
